A better understanding of the physics of the Earth's interior is one of the key objectives of the ESA Earth Explorer missions. This work is focused on the GOCE mission and presents a numerical experiment for the Moho estimation under the Tibet-Quinghai Plateau and the Himalayan range by exploiting the gravity data collected by this mission. The gravity observations, at satellite level, are first reduced for the topography, oceans and known sediments and then the residual field is inverted to determine the crust-mantle interface. The uniqueness of the solution is guaranteed using this simplified two-layer model by making assumptions on the density contrast. Our inversion algorithm is based on the linearization of the Newton's gravitational law around an approximate constant Moho depth. The resulting equations are inverted by exploiting the Wiener-Kolmogorov theory in the frequency domain and treating the Moho depth as a random signal with zero mean and its own covariance function. As for the input gravity observations, we considered grids of the anomalous gravitational potential and its second radial derivative at satellite altitude, as computed by applying the so called space-wise approach to 8 months of GOCE data. Errors of these grids are available by means of Monte Carlo simulations. Taking a lateral density variations for granted, the Moho beneath the Tibetan Plateau and Himalaya is computed on a grid covering the whole area with an accuracy of few kilometers and an estimated resolution of about 250 km. Taking into account this resolution, the estimated Moho generally shows a good agreement with existing local seismic profiles. The areas where this agreement is not so good can be clearly attributed to the presence of anomalies in the crust-mantle separation, such as subduction zones. The GOCE-only solution is finally improved by using seismic profiles as additional observations, locally increasing its accuracy and resolution.
Introduction
was investigated by several seismic exploration campaigns (e.g., Kind et al. 2002; Haines et al. 2003; Zhang and Klemperer 2005; Tseng et al. 2009 ), from studies based on gravimetric inversion (e.g., Braitenberg et al. 2000a,b) and from flexural models (e.g., Jin et al. 1996; Caporali 2000; Braitenberg et al. 2003) . However all these models, based on seismic or gravity ground data, are inevitably limited in the Tibetan Plateau and the Himalayas by the poor data coverage due to the extreme topography of those regions. The idea to overcome this geographical limitation by exploiting gravitational information coming from satellite missions (e.g. GRACE) has recently been proposed by Shin et al. (2007) and improved by Shin et al. (2009) . However, due to the smoothing effect of the altitude on the gravitational field, the inversion has never been performed directly from satellite observations but it has been done from global gravity model that mixed up ground gravity anomalies with satellite data. The recent release of GOCE data (Floberghagen et al. 2011) , one of ESA Earth Explorer missions, allows for the first time to directly invert a large amount of gravitational observations acquired in a uniform mode with high accuracy and resolution (1-2 mgal accuracy at about 100 km resolution in terms of ground gravity anomalies).
In this framework, we present a new 3D Moho model beneath the Tibetan Plateau and the Himalayan region obtained from a direct inversion of GOCE gravimetric observations. In order to guarantee the uniqueness of the solution a two-layer model is assumed. Although the actual crust-mantle boundary can be locally much more complicated than this simplified model, for instance showing doubling, fragmentation or a broad transition, as documented in the provided references and in many other publications, the resulting Moho is found to be generally consistent with existing models (e.g. with the profiles shown in Zhang and Klemperer 2005; Tseng et al. 2009 ). Among other things, this research represents a first case study to assess the inversion algorithm based on the linearization of the Newton's gravitational law and to understand the possibility to improve our knowledge of the Moho discontinuity by exploiting GOCE observations (Reguzzoni and Sampietro 2012) .
Gravity Inversion Methodology
The inversion algorithm applied in this work is based on the linearization of the equations of the gravitational potential and its second radial derivative. We recall here the main concepts: considering a spherical coordinate system .'; ; r/, the gravitational potential T observed at point P (e.g. at satellite altitude) due to the masses between the Moho and topography can be written as:
where l PQ D q r 2 P C r 2 Q C 2r P r Q cos PQ is the distance between points P and Q with PQ the solid angle between them, G is the gravitational constant, C is the crust density, S is the surface of the considered region, H Q and M Q are respectively the radial coordinates of the topography and of the Moho for the point Q. Linearizing Eq. (1) with respect to r Q around an a-priori value of the mean Moho depth R and assuming a two-layer hypothesis for the crust-mantle interface, we obtain:
where l PQ D q r 2 P C R 2 C 2r P R cos PQ , ıD Q is the difference between the unknown actual depth of the Moho and the mean Moho depth R at point Q, Q is the density contrast between crust and mantle, i.e. C M (where M is the mantle density) if the actual Moho is deeper than R and M C if the actual Moho is shallower than R. Note that since all terms in the first integral of Eq. (2) are known, it can be numerically evaluated and subtracted from the original potential obtaining:
An analogous reasoning can be applied to the second radial derivative of the gravitational potential:
If some simplifications are introduced into the problem, i.e. considering D R cos ' and Á D R' instead of and ', where ' is the mean latitude of the considered region, Eqs. (3) and (4) can be rewritten as:
where
is the distance between P and Q in the new Cartesian coordinates ; Á. If points P are at a constant altitude (i.e. r P D const) Eqs. (5) and (6) can be expressed as convolution integrals:
where k T and k T rr are the convolution kernels depending only on the distance PQ . Moreover if we also assume that observations are sampled on a regular grid (in ; Á) and the Moho is estimated on the same grid points, the system of Eqs. (7) and (8) can be efficiently inverted in terms of Multiple Input Single Output (MISO) Wiener filter in the frequency domain (Papoulis 1965; Sideris and Tziavos 1988; Reguzzoni and Sampietro 2012) . Note that here the inversion is not applied in a planar approximation, but in an almost spherical one with respect to the coordinates and Á, thus giving the possibility to consider larger areas, say with an extension up to 40 ı (Sampietro 2011) . We also would like to stress that the proposed inversion method is not able to estimate the mean Moho depth which is taken from external sources. In particular it is here computed by averaging the Moho depth of the CRUST 2.0 model (Bassin et al. 2000) over the considered area, resulting into R D 40:5 km. Since this value is also used for the linearization of Eq. (2), a sensitivity analysis has been performed showing that a variation of R by˙10 km produces a variation of the estimated ıD by about˙0.6 km in terms of standard deviation.
In this study two grids, one of the gravitational potential and one of its second radial derivatives, have been used as input for the inversion. These grids are not synthesized by any GOCE global gravity model, but are directly estimated at mean satellite altitude from 8 months of GOCE observations as by-products of the so called space-wise approach Migliaccio et al. 2011) . This is a multi-step collocation procedure, developed in the framework of the GOCE HPF (High Processing Facility, Rummel et al. 2004 ) data processing for the estimation of the spherical harmonic coefficients of the Earth's gravitational field.
In order to apply our inversion algorithm some power spectral densities (PSDs), or the corresponding covariance functions, are required: we need the PSD of ıD Q , i.e. the PSD of the discontinuity surface between crust and mantle, and the two PSDs of the observation errors. The first can be derived from an a-priori Moho: in particular the theoretical covariance function of the discontinuity surface, modeled as the product of two Gaussian functions in ; Á, has been computed by least squares fitting an empirical anisotropic covariance obtained from the a-priori Moho. In this study the CRUST 2.0 model is used to derive the a-priori Moho, after smoothing it by means of a moving average to avoid that the very sharp boundaries between the 2 ı 2 ı cells, especially in the Himalayas, wrongly influence the covariance estimation. For details on the theoretical covariance function used and its fitting to the empirical covariance function we refer to Wackernagel (1995) . As for the error spectra of GOCE gridded observations, they are estimated from Monte Carlo samples (Migliaccio et al. 2009 ).
Additional information has been added to the study. Firstly the effect of sediments in terms of GOCE observables at satellite altitude has been computed by point-mass numerical integration and then removed from the GOCE grids. At global level sediment information is taken from CRUST 2.0, while at local level a more refined sediment model (Braitenberg et al. 2003 ) is used. Although CRUST 2.0 is quite rough, this global information is necessary because, at satellite level, the gravitational signal over the study area partly depends on the crustal mass distribution all over the world. Note that if sediment density variations were not considered, i.e. they were not used for the evaluation of the first integral in Eq. (2), then their gravitational effect would be wrongly transformed into Moho depth from the inversion algorithm which is based on a two-layer hypothesis. Secondly, lateral variations of density contrast (again from CRUST 2.0) have been taken into account in the inversion keeping the uniqueness of the solution. To this aim one can estimate the product between the Moho depth ıD Q and the point-wise density contrast Q , see Eqs. (7) and (8), and then derive the former by assuming the latter as known (Barzaghi and Sansó 1988; Sampietro and Sansó 2012) . Finally two seismic profiles (Fig. 1) have been considered as observations of Moho depth with an error standard deviation of 4.9 km. For a detailed description of the algorithm used to add point-wise ground observations into the inversion procedure we refer to Reguzzoni and Sampietro (2012) . 
Results
The Moho depth has been estimated both inverting GOCEonly data and integrating the seismic profiles with GOCE observations (Figs. 2 and 3 ). In the first case the error covariance function of the estimated model (Fig. 4) has been predicted by propagating the Monte Carlo error covariance matrix of GOCE grids to the results, after approximating it with a Toeplitz-Toeplitz structure (Grenander and Szegö 1958; Reguzzoni and Sampietro 2012) . This error covariance function provides information on the model accuracy. Its resolution can be instead inferred by comparing the estimated Moho PSD with the error one (Fig. 5) ; the minimum resolvable wavelength corresponds to the spatial frequency at which signal and error PSDs are the same, that is about 250 km.
The estimated GOCE-only Moho model has been compared with the available Moho profiles computed from seismic observations (Fig. 6) . Recall that the seismic lines contain higher frequency components than the ones we can recover from the inversion of GOCE data. In this sense results seem to be satisfactory because our inversion Moho well interpolates the seismic one, especially for the profile A-A1, while for the profile B-B1 an explanation of the worse agreement is given afterwards.
In addition, while for the signal the correlation is practically zero for spherical distances larger than 25 ı , for the estimated error (obtained by propagating the error from GOCE observations to the results) this happens roughly above 2:5 ı (Fig. 4) . This error correlation estimate is confirmed by the residuals with the seismic profiles (Fig. 6) showing an empirical covariance function going to zero above 2 ı . On the contrary the estimated error standard (Fig. 4) , is much smaller than the one obtained from the residuals with seismic profiles (5 km). This difference is mainly due to the simplified two-layer hypothesis introducing model errors that are not accounted for in the estimated Moho error. As already written, CRUST 2.0 information has been used to mitigate this effect; however this global model is quite crude and may contain errors in sediments and density anomalies that are only partially corrected by the used local models of A sensitivity analysis has been carried out by separately changing the CRUST 2.0 thickness of sediments and density contrast between crust and mantle up to 50 %. Results show that a variation of the sediment thickness of 50 % will explain a difference in the Moho estimation of the order of 3 km. The same Moho difference is also produced by an analogous variation in the crust-mantle density contrast.
We can conclude that the intrinsic error of GOCE observations should allow, in principle, to recover the Moho with an accuracy of 1.6 km or better (in terms of standard deviation). However also the combined errors in sediment thickness and density contrast propagate to the estimated Moho model, thus producing an overall degradation of its accuracy down to about 4.5 km (in terms of standard deviation, assuming that each error source is independent of each other). This partially explains the difference obtained between the gravimetric Moho and the seismic profiles, especially in the case of the first profile (A-A1).
As for the Moho model obtained integrating GOCE data and seismic profiles we can note that the mean depth of the Moho is practically unchanged (Fig. 3) , while the standard deviation of the residuals with respect to the two seismic profiles decreases to 4 km. This value is not reduced more, as one may expect, because GOCE contribution is overweighed in the combination by collocation (recall the underestimate of the error in the GOCE-only Moho). Moreover the model resolution is locally increased as one can easily notice from Fig. 6 .
In the first 200 km of the second profile (B-B1) there is a good agreement between the estimated GOCE-only model and seismic observations, while approximately in the range between 200 and 450 km from the origin the behaviour of two models is visibly different with large discrepancies up to 15 km (Fig. 5) . These differences, which are only slightly reduced by integrating the seismic profiles into the estimated model, are in correspondence with the collision between Indian and Eurasian plates where doubling as well as fragmentation of the Moho are present (Fig. 7) . Therefore the discrepancy can be explained as a consequence of the fact that the two layer hypothesis is not an acceptable approximation in those critical regions. A full model should comprise the subduction of the Indian lithosphere and density variations at lower crustal level across the strike of the Himalayan belt. On the other hand, this numerical result shows that, in principle, discrepancies between GOCE Moho model and seismic profiles can be used to detect the presence of such kind of density anomalies by simply mapping the largest residuals.
All in all, we can conclude that GOCE observations allow to recover all main features of the considered Moho with a wavelength larger than 250 km. Nevertheless it is worth remembering that in the region under study we are dealing with the deepest Moho of the world (with a mean depth of about 40 km and a maximum of over 80 km), so even better results are expected in other regions of the world where the distance between the source of the gravitational signal (Moho surface) and the observation point (GOCE orbit) is smaller, see e.g. Braitenberg et al. (2010) .
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Conclusions and Final Remarks
In this paper, GOCE gridded data coming from the spacewise approach have been used to estimate the Moho depth beneath the Tibetan Plateau and the Himalayas (Fig. 2) . Crossing Tibet along the East-West direction, GOCE observes a Moho with a small trend parallel to the plateau border and suture lines, while in the North-South direction the presence of an undulation and in particular of three deep Moho belts of some kilometers amplitude is observed. The Moho is in general very deep (more than 70 km) in western and central Tibet with a maximum depth of more than 82 km at 80 ı E-35 ı N where the three Moho belts seem to converge. A more superficial Moho, around 65 km depth, is found in eastern Tibet.
These features seem to confirm what already stated in literature (see references in Sect. 1) and also permit to overcome one of the main criticism of the estimation of the Moho from satellite data. In fact, the principal wavelength of the Moho in the considered region is between 330 and 375 km (Shin et al. 2009 ), which is very close to the shortest wavelength well recovered by a GRACE-only spherical harmonic development (degree and order 120, about 330 km) but is far above the resolution of GOCE which is able to reconstruct the Moho signal with sufficient accuracy for all wavelengths longer than 250 km, as it is numerically proved in this paper.
The use of seismic observations as additional data (Fig. 3 ) helps to further increase resolution in the local areas where these observations are available and can mitigate mismodelling effects due to the simplified two layer hypothesis. Moreover, a comparison between GOCE-only Moho and seismic profiles can help to detect areas where the crustmantle separation shows anomalous behaviours.
